Background--Pathogenic immune responses are known to play an important role in abdominal aortic aneurysm (AAA) development. Ultraviolet B (UVB) irradiation has been demonstrated to have therapeutic potential not only for cutaneous diseases but also for systemic inflammatory diseases in mice by suppressing immunoinflammatory responses. We investigated the effect of UVB irradiation on experimental AAA.
A bdominal aortic aneurysm (AAA), which is characterized by dilation of the abdominal aorta, is a major potentially lethal aortic disease in developed countries. 1, 2 AAA is often asymptomatic until the time of rupture and has up to a 90% risk of death if the aneurysm ruptures. Despite similar lifestyle-associated risk factors for AAA and coronary heart disease, pharmacological treatment for such risk factors has little beneficial effect on aneurysm growth and rupture. 3 Because surgical treatment is not recommended until the risk of rupture exceeds that of interventional procedure, management of patients is a matter of observation until the diameter of the aorta runs up to a size at which surgery is indicated. Consequently, it is important to explore the pathophysiology of AAA formation and to develop a noninvasive therapeutic approach to preventing AAA. Immunoinflammatory responses in the vessel wall have been shown to be a key feature shared by AAA and atherosclerotic disease. Recent experimental evidence has indicated that immune cells such as T cells and macrophages are the predominant inflammatory cells and play a key role in causing chronic inflammation in the aortic wall, which contributes to the development of atherosclerosis and AAA. 4 Similar to the situation of atherosclerotic disease, effector T cell-mediated (Teff-mediated) immune responses are responsible for the development of AAA, although there are some differences in regulation. 5 A shift toward a T helper type 2 (Th2) immune response is reported to be critical for AAA formation in mice and humans, 6, 7 whereas a Th1 immune response promotes atherosclerosis. 8 An important report showed that promotion of Th1 immune responses prevents AAA but has adverse effects on atherosclerotic disease. 9 In contrast to these reports, a Th1 immune response has been shown to contribute to the development of AAA in mice 10 and humans. 11 Consequently, the role of each helper T-cell subset in AAA remains controversial. Compelling data suggest that regulatory T cells (Tregs) expressing a CD25 (interleukin 2 [IL-2] receptor a-chain) molecule and Foxp3 (forkhead box P3), known to suppress pathogenic immune responses, play a critical role in inhibiting the development and progression of atherosclerosis [12] [13] [14] and angiotensin II-induced AAA formation [15] [16] [17] [18] 19 Another study demonstrated that Foxp3 expression levels in peripheral blood cells correlate significantly negatively with AAA annual growth rates. 18 These reports suggest that impaired Treg-mediated immunoregulation might be closely related to AAA formation. Considering that patients with AAA have high incidence of atherosclerotic disease, we expect that therapeutic intervention aimed at enhancing a Treg-mediated immune response could be a valuable therapeutic approach to preventing AAA under atherosclerotic conditions. We and others recently showed that injection of a recombinant mouse IL-2/anti-IL-2 monoclonal antibody complex selectively expands CD4 + Foxp3 + Tregs and effectively inhibits atherosclerosis 20 and angiotensin II-induced AAA formation 17 in apolipoprotein E-deficient (Apoe À/À ) mice. Nevertheless, despite the efficacy and safety of pharmacological therapies using antibodies and cytokines in experimental studies, those therapies may cause severe adverse effects such as activation of excessive immune responses in humans and thus cannot be easily applied to clinical situations. Ultraviolet irradiation, in particular, the midwavelength range (ultraviolet B [UVB]), is known to have many biological effects on the immune system. 21 UVB irradiation has been shown to suppress cutaneous and systemic inflammatory diseases by modulating Teff immune responses, which may vary depending on the disease models used. [22] [23] [24] We recently investigated the effect of UVB irradiation on atherosclerosis in hypercholesterolemic mice and demonstrated that UVB exposure prevents atherosclerosis by expanding activated CD4 + Foxp3 + Tregs and by suppressing pathogenic immune responses. 25 Importantly, in clinical settings, immunoinflammatory cutaneous disorders such as psoriasis are treated with UVB without any serious side effects. These data imply that UVB-dependent regulation of pathogenic inflammatory responses could be a possible approach to preventing AAA under atherosclerotic conditions. If so, this therapy could be clinically applicable for treating AAA.
In this study, we investigated the effect of UVB irradiation on the development of AAA and its underlying mechanisms in angiotensin II-infused Apoe À/À mice. Moreover, using hypercholesterolemic Treg-depleted mice, we explored the contribution of CD4 + Foxp3 + Tregs to AAA development following UVB exposure.
Methods

Animals and Experimental Design
All mice were on a C57BL/6 background, and Apoe À/À mice are maintained in an animal facility at Kobe University. 26 In total, 220 mice were used in this study. Six-week-old male mice were fed a high-cholesterol diet containing 0.2%
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cholesterol and 21% fat and water ad libitum. mice under the same protocol described. Mice were euthanized at 16 weeks of age for evaluation of AAA formation. We housed mice in a specific pathogen-free animal facility at Kobe University, and all animal experiments were conducted according to the guidelines for animal experiments at Kobe University School of Medicine.
UVB Irradiation
TL 20W/12RS fluorescent lamps (Philips) were used to irradiate the mice with broadband UVB. TL 20W/12RS lamps emit a continuous spectrum from 275 to 390 nm, with peak emission at 313 nm; %65% of that radiation is within the UVB wavelength range (280-320 nm). The irradiance was 6.6 J/ m 2 per second at a distance of 40 cm, as measured by a UIT-250 digital UV intensity meter (USHIO). The mice were placed 40 cm below the bank of lamps and irradiated at the indicated weeks after their backs were shaved, as described previously. 28 
Blood Pressure Measurement
Systolic blood pressure (SBP) was measured by the noninvasive tail-cuff method, as described previously. 29 SBP was measured at least 5 times at baseline and 4 weeks after angiotensin II pump implantation. The mean SBP for each group was determined by averaging the SBP of each mouse included in that group.
Assessment of Biochemical Parameters
After overnight fasting, blood was collected by cardiac puncture under anesthesia. Plasma was obtained through centrifugation and stored at À80°C until measurement. Concentrations of plasma total cholesterol, high-density lipoprotein cholesterol, and triglyceride were determined enzymatically using an automated chemistry analyzer. In addition, 1,25-dihydroxyvitamin D and 25-hydroxyvitamin D were analyzed by radioimmunoassay, as described previously. 30 Morphological Analysis of AAA Aortic diameters and AAA incidence were determined, as described previously. 27 For morphological analyses, aortas were perfused with normal saline and fixed in 10% buffered formalin. The maximum external aortic diameters were measured using ImageJ (National Institutes of Health). Aneurysm incidence was quantified on the basis of a definition of an external suprarenal aorta width that was increased by ≥50% compared with saline-infused mice. We used a previously described classification system 17 to categorize the morphological severity of the aneurysms: no aneurysm; type I, a discernable dilation that is 1.5-2 times the diameter of a normal abdominal aorta; type II, a single large dilation >2 times the diameter of a normal abdominal aorta; type III, multiple dilations generally extending proximal to the suprarenal region; type IV, death caused by aneurysmal rupture.
Histological and Immunohistochemical Analysis of Aneurysmal Lesions
Mice were anesthetized, and the aorta was perfused with saline. The AAA lesions were cut and embedded in OCT compounds, and cross-sections (10 lm) were prepared. For the determination of elastin degradation, we performed Elastica van Gieson staining and used a standard score for the grades of elastin degradation, as described previously. 17 Three sections were analyzed in each mouse, and grading score was determined by calculating the average grade of the sections. The grades were defined as follows: grade 1, no degradation; grade 2, mild elastin degradation; grade 3, severe elastin degradation; grade 4, aortic rupture. Immunohistochemistry was performed on acetone-or formalin-fixed cryosections (10 lm) of mouse AAA lesions using antibodies to identify macrophages (MOMA-2, 1:400), T cells (CD4, 1:100), and Foxp3 + Tregs (Foxp3, clone FJK-16s, 1:100; eBioscience), followed by detection with biotinylated secondary antibodies and streptavidin-horseradish peroxidase. The appropriate fixation reagent, depending on the primary antibodies, was used. Stained sections were observed under an All-in-one-type fluorescence microscope (BZ-X700; Keyence) using the BZ Analyzer software (Keyence 
Real-Time Reverse Transcription Polymerase Chain Reaction Analysis
Total RNA was extracted from suprarenal aortas after perfusion with RNAlater (Life Technologies) using TRIzol reagent (Life Technologies). For reverse transcription, a PrimeScript reverse transcription reagent kit (Takara) was used. Quantitative polymerase chain reaction was performed, as described previously, using a SYBR Premix Ex Taq (Takara) and an ABI PRISM 7500 sequence detection system (Life Technologies), according to the manufacturers' protocols. The following primers were used to amplify IFN-c, IL-6, TNF-a (tumor necrosis factor a), MMP-2 (matrix metalloproteinase 
Statistical Analysis
SBP data in the same group were compared with a paired t test. Data are expressed as meanAESEM for normally distributed variables or as median (25th-75th percentiles) for nonnormally distributed variables and compared between 2 groups using an unpaired t test or MannWhitney U test, respectively. Kaplan-Meier survival curves were constructed and analyzed using a log-rank (MantelCox) test. AAA incidence and mortality were analyzed using the Journal of the American Heart Association ure 1A). We found no severe adverse effects such as skin cancer or skin inflammation following UVB irradiation during the experiments. UVB irradiation did not affect body weight, plasma lipid profile, and plasma levels of biologically active 1,25-dihydroxyvitamin D and circulating storage form 25-hydroxyvitamin D (Table 1) . Angiotensin II infusion led to a significant elevation in SBP of UVB-irradiated and nonirradiated mice, whereas there was no significant difference in SBP between the 2 groups (Table 1) . Overall, 93% of angiotensin II-infused nonirradiated mice developed AAA with 60% mortality possibly caused by an aneurysm rupture ( Figures 1B, 1C, 2A , and 2B). However, a significant decrease in the incidence (66%) and mortality (29%) of AAA was seen on UVB irradiation ( Figures 1B, 1C, 2A, and   2B ). These results demonstrate the beneficial effects of UVB irradiation on AAA.
UVB Irradiation Suppresses Inflammatory Responses in the Aneurysmal Lesions and Reduces the Severity of Angiotensin II-Induced AAA
In parallel with the evaluation of AAA formation and survival, histological analysis of the aortic aneurysm tissue was performed. Notably, along with a reduction in incidence and mortality ( Figures 1B, 1C , and 2B), UVB irradiation decreased the severity of AAA in angiotensin II-infused mice ( Figure 2C ). UVB-irradiated mice had significantly smaller diameter of the abdominal aneurysm ( Figure 2D ) and more preserved elastin week-old Apoe À/À mice were irradiated with 5 kJ/m 2 UVB once weekly for 6 weeks and were euthanized at 16 weeks of age for evaluation of AAA formation. Nonirradiated mice infused with Ang II or saline served as controls or shams, respectively. B, Kaplan-Meier curve shows survival rate in UVB-irradiated (n=38), nonirradiated (n=42), and sham (n=12) mice. C, Mortality due to AAA rupture in UVB-irradiated (n=38) and nonirradiated (n=42) mice. Error bars represent standard error. **P<0.01. AAA indicates abdominal aortic aneurysm; Ang II, angiotensin II; UVB, ultraviolet B.
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Journal of the American Heart Association content in the aortic aneurysm tissue than nonirradiated mice ( Figure S1A and S1B). Vascular inflammation is reported to be involved in the mechanisms of angiotensin II-induced AAA development in Apoe À/À mice. 27 The aneurysmal lesions consist of lymphocytes infiltration and accumulation of macrophages, which are known to be the main inflammatory cells in this mouse AAA model. 4 To determine the effects of UVB irradiation on CD4 + T cell and macrophage infiltration to the aortic wall, we performed immunohistochemical studies of the aneurysmal lesions in aorta. Notably, the aneurysmal lesions of UVBirradiated mice showed a marked reduction in the accumulation of macrophages and CD4 + T cells ( Figure 3A and 3B) compared with nonirradiated mice. To further examine the effect of UVB irradiation on the accumulation of immunoregulatory Foxp3 + Tregs into aneurysmal lesions, we also performed immunohistochemical analysis using anti-Foxp3 antibody and found that the number of Tregs in the aortic lesions was not significantly changed by UVB irradiation ( Figure 3A and 3B) . Notably, the Treg/CD4 + T cell ratio within the aneurysmal lesions in UVB-irradiated mice was dramatically increased compared with nonirradiated mice (Figure 3C) .
To evaluate the immunoinflammatory responses in aneurysmal tissues following UVB irradiation, we examined mRNA expression of proinflammatory cytokines, MMPs, and Treg-associated molecules in suprarenal aortas by quantitative reverse transcription polymerase chain reaction. Notably, the mRNA expression of proinflammatory cytokine IFN-c was markedly reduced in UVB-irradiated mice compared with nonirradiated mice ( Figure S2A ). In addition, the mRNA expression of proinflammatory cytokines (ie, IL-6 and TNF-a) and proteins that degrade extracellular matrix proteins (ie, MMP-2 and MMP-9) tended to be decreased ( Figure S2A ). Consistent with the results of immunohistochemical analysis showing no changes in the number of Tregs in aneurysmal lesions following UVB irradiation, the mRNA expression of aortic Treg-associated molecules Foxp3, CTLA-4, and CD25 was not significantly changed by UVB irradiation ( Figure S2B) .
Collectively, these results suggest that UVB irradiation inhibits migration of inflammatory cells into the aneurysmal lesions of angiotensin II-infused mice without affecting the lesional accumulation of Foxp3 + Tregs and subsequently increases the Treg/Teff ratio in the aneurysmal lesions, leading to preserved vessel integrity and decreased susceptibility to AAA and aortic rupture possibly by regulating local inflammatory responses.
UVB Irradiation Expands CD4 + Foxp3 + Tregs and Suppresses Pathogenic T-Cell Responses
We next investigated the mechanisms by which UVB irradiation prevents AAA, focusing on the changes in systemic immune responses. We treated 12-week-old Apoe Figure 4C ). UVB irradiation did not affect other splenic immune cell subsets or the expression of maturation markers CD80 and CD86 on splenic CD11c + dendritic cells ( Figure S3 ).
To determine whether UVB irradiation suppresses T-cell activation in vivo, we examined T-cell activation markers of Figure S4A ). UVB-dependent expansion Journal of the American Heart Association of CD4 + Foxp3 + Tregs was abrogated in Treg-depleted DEREG/ Apoe À/À mice ( Figure S4B and S4C) . Next, we examined the effect of UVB irradiation on AAA development under Tregdepleted conditions. Twelve-week-old DEREG/Apoe À/À mice fed a high-cholesterol diet were infused with angiotensin II by osmotic pumps, injected with diphtheria toxin for 2 consecutive days before implanting osmotic pumps and once weekly thereafter for 4 weeks, and euthanized at 16 weeks of age for evaluation of AAA formation ( Figure 5A ). There were no significant differences in body weight and plasma lipid profile between UVB-irradiated and nonirradiated mice under Treg-depleted conditions (Table 2) . We found that UVB- 
Discussion
Immunoinflammatory reactions in the arterial wall have been shown to be a critical mechanism shared between AAA and atherosclerotic disease; however, effective medical therapies against AAA that could intervene in inflammation or the immune system currently do not exist, and surgery is considered a standard treatment. In the present study, we investigated the effect of UVB irradiation on AAA formation and its underlying mechanisms in angiotensin II-infused hypercholesterolemic mice. We demonstrated that UVB irradiation inhibited the development of angiotensin IIinduced AAA and reduced mortality under hypercholesterolemic conditions. The protective effects of this therapy were associated with a marked reduction in the accumulation of macrophages and CD4 + T cells in the aortic aneurysm played a critical role in limiting aortic inflammation and AAA development. Our data suggest that UVB irradiation may be a novel therapeutic approach for preventing AAA. The potential relevance of sunlight exposure to risk of cardiovascular disease has been suggested in several epidemiological studies and may be attributable to low vitamin D levels. [32] [33] [34] Because cutaneous synthesis of vitamin D is dominant compared with dietary intake, inadequate sunlight exposure causes vitamin D deficiency. 35 Notably, recent epidemiological studies have highlighted the increasing prevalence of vitamin D deficiency and its association with increased risks of AAA. 36, 37 These reports raise the possibility that UVBdependent promotion of cutaneous synthesis of vitamin D may be responsible for attenuation of AAA formation in the present study. Whereas our recent work showed a significant increase in biologically active 1,25-dihydroxyvitamin D plasma levels in UVB-irradiated Apoe À/À mice without angiotensin II infusion, 25 we found no changes in its plasma levels in the present study in UVB-irradiated Apoe À/À mice treated with angiotensin II, excluding a substantial contribution of vitamin D to the protective effects of UVB irradiation in our AAA model. Angiotensin II is reported to downregulate renal Klotho expression, 38 which leads to increased levels of fibroblast growth factor 23; subsequent suppression of 1a-hydroxylase, known to convert circulating storage form 25-hydroxyvitamin D to highly active 1,25-dihydroxyvitamin D; and reduced production of 1,25-dihydroxyvitamin D in the kidney. 39 Consequently, we speculate that the inconsistency in plasma 1,25-dihydroxyvitamin D levels between the present study and previous work 25 may be due to downregulation of renal Klotho expression in this angiotensin IIinduced AAA model. We propose a novel vitamin D-independent mechanism for UVB-dependent prevention of AAA, attributed to the modification of the immune system. It is recognized that innate and adaptive immunity are deeply involved in the pathogenesis of AAA. Although aortic inflammation via Th-mediated immune responses is thought to accelerate the development of AAA, 4 the role of each subset including the Th1, Th2, and Th17 lineage in AAA remains to be elucidated. Because many differences in Th immune responses such as Th1/Th2 balance can be seen between atherosclerotic disease and AAA, modulation of only these responses does not seem to be effective for preventing both diseases. Experimental and clinical studies have demonstrated that the imbalance between pathogenic Teffs and Tregs may be critical for the pathogenesis of AAA. It has been shown that therapeutic intervention aimed at shifting the Treg/Teff balance toward Tregs represents a possible 25 these results suggest that a novel immunomodulatory approach such as UVB-based phototherapy may be effective for preventing both AAA and atherosclerosis through enhancing Treg-mediated immune responses. Elucidation of detailed molecular mechanisms for UVB-dependent Treg induction and suppression of AAA development will help us develop effective therapies for AAA.
In conclusion, we provide evidence that UVB irradiation reduces the development and related mortality of angiotensin II-induced AAA in hypercholesterolemic mice and that these protective effects are associated with reduced inflammatory responses in aortic aneurysmal lesions, possibly due to a shift of the Treg/Teff balance toward Tregs. These findings should be applied cautiously in clinical situations; however, based on the chronic immunoinflammatory nature and protective effects of UVB exposure shared by AAA and atherosclerotic disease, our data suggest that UVB-mediated modulation of immunoinflammatory reactions could be an attractive noninvasive approach to preventing not only atherosclerotic disease but also AAA. Figure S3 . Effects of UVB irradiation on immune cells other than CD4 + forkhead box P3 + regulatory T cells (Tregs) in the spleen. Apolipoprotein E-deficient mice were irradiated with 5 kJ/m 2 UVB once weekly for 3 weeks. Nonirradiated mice infused with angiotensin II served as controls. Seven days after the pump implantation and 4 days after the last UVB irradiation, lymphoid cells from spleen were prepared. Percentages of splenic CD4 + , naïve (CD44 low CD62L high ) and effector (CD44 high CD62L low ) T cells, CD11b + Ly6C high monocyte, CD11b + Ly6G + neutrophils, and CD11c + dendritic cells (DCs), and CD80 and CD86 expression on CD11c + DCs were determined by flow cytometry. NS indicates not significant; MFI, mean fluorescence intensity. n=3 to 9 mice per group. In the box-and-whisker plot, middle line represents median value, box indicates interquartile range (25th-75th percentiles), and range bars show maximum and minimum. 
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